Koyna-Warna is a seismically active region, characterized by earthquakes triggered by loading of artificial water reservoirs. In this region quarrying is ongoing and sometimes the quarry blasts are confused with triggered seismic events. About 410 events around a known mining area were observed during January 2007-October 2013. In general the quarry blasts are carried out mostly during the day time. Based on this fact a well known method of [1] is implemented, which has the capability of detecting the areas of quarry blast activity. Also, discrimination of quarry blasts from earthquakes has been achieved by studying waveforms at key seismic stations located close to the quarrying area. Further, distinction is achieved through spectral analysis in the frequency band of 3 -15 Hz. Ratio of day-time to night-time events, waveform pattern and spectral analysis approach confirm the presence of quarry blasts aligned south-east of the Warna reservoir.
Introduction
The Koyna-Warna region situated in the Deccan Volcanic Province of peninsular India is well known for reservoir triggered seismicity [2] [3] . The initiation of seismic activity after the impoundment of the Shivaji Sagar Lake behind the Koyna Dam in 1962 and thereafter, has been investigated by several researchers [3] - [9] . The CSIR-National Geophysical Research Institute (CSIR-NGRI) has been monitoring the seismic activity of the Koyna-Warna region for the past several years. Since August 2005, a closely spaced network with near real time monitoring has been set up. This has enabled identification of a nucleation that precedes moderate earthquakes of magnitude 4.0 to 5.0 [5] [6] .
In a previous study a new zone of seismic activity further south-east of the Warna reservoir was reported with sparse data from seismic stations available at that time [10] . It was inferred that the seismic activity could be due to pore pressure diffusion probably due to impoundment of a small check dam nearby. During March 2011 more seismic stations were added to the network of which 2 stations started functioning very close to the zone located at south-east of Warna reservoir as shown in Figure 1 . From the large number of events recorded, it was felt that this could be associated with quarry mine blasts rather than earthquake activity. Although the problem of discriminating quarry blasts, mining activity, etc. from natural earthquakes is not a trivial one, several studies have been carried out in different parts of the world by several researchers using seismic data to address this issue [11] - [14] . In the present study, a similar approach has been attempted in the seismically active Koyna-Warna region of western India. We examine the catalogue and waveforms of the recorded events to test for the presence of any blasts during the period of January 2007-October 2013. All events investigated lie within the south-east zone marked with a dotted ellipse in Figure 1 , hence forth referred as the south-east zone. We adopted the method developed by [1] , which identified artificial/mining events. Additionally, waveform data recorded at seismic stations situated close to these events are used for discrimination between earthquakes and artificial events. A multi-pronged approach has been used to analyze the characteristic features like temporal isolation of events, R q values, energy in the surface waves, spectral frequency band and P wave polarities, to unambiguously discriminate quarry blasts from earthquakes, for the first time in the Koyna-Warna region. 
Data and Methodology
The CSIR-National Geophysical Research Institute, Hyderabad, in India is operating a network of 11 digital seismic stations since 2005 in the Koyna-Warna region. Five of them are broadband (CMG-3-ESP) systems, while the remaining are short-period (L4-3D) seismometers. During January-March 2011 the short period seismometers were replaced by Reftek broad-band sensors (Reftek model 151 -120) and 2 additional stations were installed strengthening the network to a total of 13 broad-band seismic units (Figure 1) . The data are recorded by Reftek data loggers at all the stations, while time synchronization is done through GPS. Typically, locations of earthquakes are good within 500 to 1000 m. Standard earthquake analysis program hypocenter [15] [16] has been used for analysis. The seismicity that occurred during January 2007-October 2013, which is considered in this study, is plotted in Figure 1 .
In the present study different approaches have been adopted to differentiate the quarry blasts from earthquakes. At first, seismograms of the events are inspected to bring out peculiarities in the nature of the waveforms. Anomalous temporal variations in the catalogue are investigated to look for clustering of events during day-time in the area of investigation. To assess this, a well established approach developed by [1] is adopted, which is based on the fact that quarry blasts are generally performed during the day-time hours, helping in identification of quarry/mine explosions from earthquakes. In this approach spatial mapping of the ratio of the day-time and night-time events is done for identification of regions with quarry activity which can be defined as areas with a ratio (R q ) ≥ 1.5. In general the quarry-rich areas show increase in the number of detected events during daytime hours. The parameter R q can be expressed as
where N d is the total number of events during the day time, N n is that during the night time, L d is the number of hours during the day time and L n is that during the night time (L n + L d = 24). This ratio is calculated using a regularly spaced grid covering the study area and sampling only the N (N = N d + N n ) closest epicenters to each node. The code performs a grid search over the N parameter space (N min = 50, N max = 400, N step = 50) to identify the sample size with the highest R q . Therefore, the parameter space spans three dimensions: latitude, longitude and sample size N. This analysis on the catalogue has been carried out using the program ZMAP 6.0 [17] [18] . Further, spectral analysis has been also carried out on selected waveforms of the study region, where amplitudes at various frequencies are examined for comparable magnitude events.
Results and Discussion

Distribution of Events in Time and Space
The seismicity of the Koyna-Warna region from January 2007 to October 2013 shows a concentration of earthquake clusters, one near Koyna, where the Koyna River takes a sharp bend towards east and another in the vicinity of the Warna reservoir accounting for most of the seismic activity, and finally a small zone south-west of the Warna reservoir (Figure 1) [6] [19] . Previously, [6] reported the association of earthquakes of magnitude exceeding 3 with these seismic clusters. The zone further south-east of the Warna reservoir was also documented based on events detected with a sparse data set [10] . Later this zone has become prominent with about 410 events in the magnitude range 0.8 -2.8 during the last seven years. The absence of seismic activity during monsoon each year, as also the peculiar nature of waveforms prompted us to examine this zone for possible blasts, as it is located in a known place of quarrying. The seismicity in the Koyna-Warna region as a function of time seems to be distributed quite uniformly, except for the south-east zone events (dark shaded) which follow a specific time pattern usually during 12 -18 hours (Indian Standard Time) as seen in Figure 2 . This is also shown separately in Figure 3(a) . It is also evident that most of these events occurred during weekdays (Figure 3(b) ). On a monthly scale (Figure 3(c) ) a clear absence of activity is visible in the monsoon months of July to September each year.
The evidence from temporal observations necessitates a detailed spatial analysis of events using the algorithm of [1] as discussed. Figure 4 shows the spatial variation of R q , the ratio of day-time and night-time events, in the study region. The marked portion by an ellipse indicates a high R q . This map was computed for events with M ≥ 1.8, using a sampling size N = 50 earthquakes and a node spacing of 0.5 km. High R q values more than 1.5 indicate quarry-rich areas. Verification with the location of a known quarry confirms that this area is indeed the location of quarry blasts [20] . The hourly distribution of events shown in Figure 3(a) , coincides with the area marked with an ellipse in Figure 1. 
Waveform Analysis
Events recorded at UDG and KAD seismic stations, located very close to the quarry area are considered to be crucial in discriminating quarry blasts from earthquakes. Waveforms of earthquakes recorded at these two seismic stations from the nearby Warna seismic cluster are shown in Figure 5 . The onsets of shear waves as well as surface waves are clear on these seismograms unlike in the waveforms of those from the south-east zone (Figure 6) .
First motion polarities were examined for events in both the Warna cluster and the south-east zone. It can be seen that events in the latter recorded at stations over a wide azimuthal range of about 300 degrees (Figure 1) consistently show a uniformly positive polarity characteristic of blasts unlike those in the Warna cluster which have mixed polarities.
Amplitudes of the dominating frequencies of the seismograms are obtained through spectral analysis approach. The ground velocity spectra over a time window of 8 s duration of the vertical component seismograms at the 2 selected seismic stations, after applying butter worth band-pass filter (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , are shown in Figure 7 . Comparable magnitudes of the order of M L ~2 are considered for spectral discrimination. Figures 7(a)-(b) show the spectra of earthquake seismograms of the Warna seismic cluster where the dominating amplitude is around 4 Hz, which gradually disappears around 10 Hz. On the other hand, the spectra for events of the south-east zone indicate a concentration of amplitude in a narrow band around 9 Hz (Figures 7(c)-(d) ).
Conclusion
Detailed analysis of the seismic activity recorded during 2007-2013 in the Koyna-Warna region has helped in discriminating quarry blasts from earthquakes. The data set has been studied using different approaches i.e. temporal observation of occurrence of events, spatial mapping of ratio of day to night time events, waveform data and spectral analysis of events. Also, a clear absence of occurrence of events is noticed during monsoon period from July to September each year when no mining activity takes place. The comprehensive analysis indicates that temporal isolation of events, high R q values, low energy in the surface waves, narrow frequency band around 9 Hz and uniform P wave polarities are the characteristic features that have been used for an un-ambiguous differentiation of blasts from earthquakes in the Koyna-Warna seismic zone.
